In order to gain insight into the local nature of NSCD, we first tried to decompose the NSCD signal using the sum-over-states (SOS) approach 1 . The SOS NSCD intensities were calculated according to Eq. 12 (last equality), scaled with the prefactor L defined as
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Where the SOS approach has been shown to be rather robust in previous cases 1 , it does not perform equally well in the present case, as seen in Fig. S1 . This is likely due to the fact that in the previously reported case the majority of the investigated NSCD intensity came from few states very close together. Therefore, the SOS was able to capture the main components with just a few states included. While in the present case we can see improvement with the number of states included, the convergence is rather slow due to the large number of small contributions making up the total intensity. Fig. S 4 shows the effect of the degeneracy of the electronic excited states in highly symmetric cases. When the B-term formalism is used for calculations on benzene in D 6h symmetry, the doubly degenerate state creates a numerical instability that prevents the evaluation of the NSCD intensity for that state. Other states appear unaffected by this. When the degeneracy is removed by breaking the high symmetry, the calculations clearly produce results identical with the CPP formalism.
Effect of degenerate states in molecules with high symmetry
S 4: Benzene. Comparison of the NSCD signal of hydrogen (left) and carbon (right) calculated by the CPP approach (blue crosses) with the spectrum produced via the new B-term formalism (black solid line) at the HF/6-31G level. The top panels show the results of the calculations with the molecule in D 6h symmetry, whereas the spectra in the bottom panels correspond to a structure where one C-H bond has been elongated by 0.01 nm to break the degeneracy and yield C 2v symmetry. The red asterisk indicates the presence of a doubly degenerate electronic state. 
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